We present a method for imaging variations in the doping depth profile in n-and p-type silicon induced by high energy ion irradiation. This doping microscopy method is based on electrochemical anodization of irradiated wafers, producing porous silicon with a local porosity depending on doping changes. In moderately-doped n-type silicon a higher porosity corresponds to where irradiation creates excess donors and a lower porosity corresponds to where acceptors are created. Higher porosity regions may be selectively removed and so observed in cross-section images. We compare the effects of proton and helium ion irradiation on the localized doping in n-type Czochralski silicon, with and without annealing at 300 • C. Even at such a low annealing temperature, a pronounced n + doping is observed for helium irradiation, highly confined to just the irradiated volume. In comparison, proton irradiation results in weaker n + doping which extends beyond the irradiated region, attributed to hydrogen diffusion. 
Ion Irradiation Induced Doping in n-type Silicon
There are several fields of silicon wafer and device technology where MeV ion irradiation with protons and helium is used to modify the doping profile and other fields where such radiation-induced modifications are an important, if unwanted aspect, such as for silicon detectors used in high energy physics experiments. High-energy ions introduce a vacancy distribution along their trajectory in the irradiated material, Fig. 1a . The vacancy generation rate increases sharply toward the ion end-of-range, where it overlaps with the distribution of implanted ions, Fig. 1b . The vacancy profile produced by helium ions with the same range is similar to that of protons, with a factor of approximately twenty times more vacancies generated per ion.
Ion irradiation of high-resistivity float zone (FZ) silicon, which has a low oxygen content (<10 16 cm −3 ), is exploited in power device technology for local reduction of carrier lifetime or formation of deep, n-doped layers. [3] [4] [5] [6] In n-type silicon ion irradiation creates acceptorlike defect complexes, such as divacancies, 7, 8 which cause n − doping or even type-inversion to p-doping. After proton irradiation, at the ion end-of-range where these defects overlap with the implanted hydrogen then hydrogen-related donors are formed with shallow and deep energy levels which again cause inversion to n + doping, Fig. 1c . Proton irradiated FZ wafers are subsequently annealed up to 500
• C to stabilize and transform the defects; annealing also causes the implanted hydrogen to diffuse toward the wafer surface, resulting in hydrogenrelated donors throughout the irradiated depth. These are stable up to ∼100
• C and are completely annealed out at ∼250
• C, evolving to other hydrogen-containing defects. Shallow hydrogen donors and hydrogen double donors form at higher temperatures.
In FZ silicon most radiation-induced donors formed are hydrogenrelated, whereas in Czochralski (CZ) silicon a host of oxygen-related doping effects can also occur due to the higher oxygen concentration (up to ∼10 18 cm −3 ). [9] [10] [11] Oxygen is normally electrically inactive but if the wafer is annealed up to 500
• C then donor densities of ∼10 16 cm
are produced; these oxygen thermal donors are absent in FZ silicon. In a study of the influence of radiation-induced vacancy and interstitial defects on the doping in CZ silicon, 11 after annealing at 100
• C the concentration of oxygen thermal donors remained constant while an acceptor-like vacancy-oxygen complex (A center) appeared. This V-O center increased linearly with vacancy density and anneals out above 350
• C and almost vanished at 400 • C. FZ silicon wafers are widely used as large-area radiation detectors in high-energy physics experiments. FZ wafers are preferred as their low doping level allows full detector depletion to be achieved at reasonable voltages. However, low-doped FZ wafers are susceptible to type inversion by cumulative radiation-induced acceptors which can seriously degrade their performance. Several studies have been z E-mail: phymbhb@nus.edu.sg conducted on oxygen-enriched FZ (∼3 × 10 17 cm −3 ) for detector applications. [12] [13] [14] These wafers have similar characteristics to CZ wafers in that they are more radiation-resistant than standard FZ wafers because the extra oxygen effectively getters the radiationinduced vacancies, e.g. V + O → VO, preventing the formation of deep acceptor levels. Since CZ silicon contains even more oxygen, and high-resistivity CZ substrates have recently become available, it is a promising substrate material for future HEP experiments since it has the potential for even higher radiation resistance. 15 In proton irradiated, oxygen-enriched n-type FZ silicon enhanced donor formation from 250 to 350
• C was explained by annealing of radiation induced defects with subsequent formation of C i -H-2O i -like complexes, which were proposed as the possible core for shallow hydrogen donors. 9 Above 350
• C, the annealing characteristics are similar to those of helium implanted samples, probably by annealing of shallow hydrogen donors and hydrogen double donors and parallel formation of thermal donors. At an annealing temperature of 475
• C, proton and helium irradiation were found to produce nearly identical thermal donor distributions.
Helium irradiation has also been used for local reduction of carrier lifetime in FZ silicon power devices, 6 similarly resulting in increased n-doping at the end-of-range after irradiation, though with a lower density than with proton irradiation. In studies of oxygen-enriched FZ silicon which was irradiated with 7 MeV helium ions, [16] [17] [18] then annealed at 370 to 410
• C for 30 minutes, radiation enhanced donor formation was observed above 375
• C where most vacancy-related defects are annealed out, probably by formation of thermal double donors. 6 The concentration of such donors is proportional to the vacancy density and so to the helium fluence. They form close to the irradiated surface, then progressively extend toward the end-of-range depth with further annealing time and increased temperature, peaking around 475
• C. Radiation enhanced donor formation was shown to be caused by hydrogen diffusing from the surface which enhanced the diffusivity of interstitial oxygen, so allowing it to react with vacancies and oxygen and generate donors at lower temperatures than those necessary for formation of ordinary thermal donors. This only occurred in oxygen-rich FZ silicon annealed in air, and was even more pronounced in CZ silicon. It was absent when annealed in vacuum and in irradiated standard FZ silicon, confirming their dependence on the oxygen concentration. In another study by the same authors 19 donor creation in FZ and CZ silicon by 0.7 and 1.8 MeV proton irradiation and annealing was compared. In substrates with a high concentration of oxygen, both radiation enhanced thermal donors and ordinary thermal donors were observed above 400
• C. In standard FZ the donor peak at the end-of-range slightly broadened after annealing at 300
• C, attributed to diffusion of the implanted hydrogen and its interaction with irradiation defects. With higher annealing temperatures of 375
• C significant broadening of the donor peak was observed owing to hydrogen diffusion.
Method
We have developed a doping microscopy method to render highenergy ion induced doping variations in silicon visible in cross-section images using a combination of electrochemical anodization and selective removal of highly porous regions. This process may be used for both n-and p-type silicon and we give examples of both, though focusing on n-type where a wider range of doping changes are observed. The porosity of electrochemically anodized silicon depends on the wafer doping type and density, Fig. 2 , so irradiation-induced doping changes result in porosity variations after anodization. For n-type silicon, Fig. 2a , for a given anodization current density the porosity increases with doping, within the range from 10 16 cm −3 to 10 20 cm −3 , where meso-or micro-porous silicon is typically formed. 20 A further, optional step is oxidation in a furnace under ambient conditions, either at room temperature (RT) or at a high temperature. RT oxidation allows careful control over the selective removal of the highest porosity material whereas high temperature oxidation will greatly speed up oxidation where required. After several days of RT oxidation all exposed PSi surfaces are oxidized and immersion in dilute HF removes all oxidized PSi. [21] [22] [23] [24] [25] This may suffice to remove the highest porosity regions, leaving lower porosity regions virtually unaffected. If not then oxidation can be repeated as necessary.
This imaging method is ideal when used in conjunction with a focused MeV ion beam in a nuclear microprobe, 26 where adjacent lines may be irradiated with different fluences to observe the resulting effect of different vacancy densities. To illustrate this, in Fig. 1d a 500 keV proton beam width of 600 nm was used to irradiate lines on a 0.4 .cm, CZ n-type wafer. After anodization and oxidation the sample was cleaved across the irradiated lines for cross-section SEM imaging, allowing variations in porosity along the ion range to be observed, i.e. n − doping corresponding to low porosity and/or n + doping corresponding to high porosity which are selectively removed. Only changes in porosity at the middle of the irradiated width are considered, we discount edge effects at irradiated regions where narrow zones of highly porous material forms at both edges of the low porosity regions, indicated by white, vertical arrows in Fig. 1d . These result from a similar current funneling phenomena as previously observed for p-type silicon in which a large anodization current is directed along the doping gradient between the irradiated and unirradiated zones.
The final cross-section images can be rendered more sensitive to n + doping by removing more high porosity material, or more sensitive to n − doping by preserving the low porosity irradiated regions. During anodization a high/low current density will result in higher/lower porosity of all regions, and during oxidation the selective removal of highly porous material can be controlled by the oxidation time and repetition. 24, 25 To illustrate the effect of oxidation, Figs. 3a-3c compares the effects of proton irradiation with different fluences in a 0.005 .cm, CZ n-type wafer, with and without an oxidation step. Although the porosity at the end-of-range is sufficiently high for re- moval without oxidation at higher fluences, at the lowest fluence no contrast from this region is observed. After oxidation the high porosity region is clearly visible at all fluences and is seen to progressively extend from the end-of-range further toward the surface with increasing fluence. For comparison, Fig. 3d shows the effects of oxidation on a lowerdoped (0.4 .cm) CZ n-type wafer for proton irradiation and oxidation conditions as described in Fig. 4 . While the proton fluence used is between that in Figs. 3a,3b , the n + doping produced at the end-of-range is much more obvious for the 0.005 .cm wafer because a current density one order of magnitude higher was used for anodization, producing higher porosity and so easier removal of the highest porosity regions. Fig. 3e shows the effect of high temperature oxidation on a highfluence helium irradiated (0.4 .cm) CZ n-type wafer for irradiation and oxidation conditions as described in Fig. 4 . Without high temperature oxidation only the highest porosity region at the end-of-range is removed whereas oxidation results in removal of the whole irradiated volume. This in particular, and Fig. 3 in general, demonstrates how changing the oxidation conditions allows one to distinguish between different degrees of n + doping along the ion trajectory.
Comparison of Proton and Helium Irradiation of n-type CZ Silicon
The defect and doping profile produced by irradiation of silicon depends on many factors, including ion type, fluence, oxygen concentration of the wafer and annealing conditions, as described in Ion irradiation induced doping in n-type silicon section. Here we study the effects of ion irradiation of 0.4 .cm n-type CZ silicon, where it is expected that the high oxygen content will have a strong influence through the formation of radiation enhanced donors upon annealing. We compare the effects of proton and helium irradiation without and with annealing at 300
• C, which is high enough to partially repair the vacancy distribution and to remove donors formed at the end-ofrange at room temperature. This temperature is below the threshold of ∼375
• C where oxygen thermal donors are formed in unirradiated CZ silicon 11 and where the formation of radiation enhanced thermal donors after helium irradiation in oxygen-enriched FZ wafers was observed. [16] [17] [18] Lines were irradiated with 500 keV protons and 1.8 MeV helium ions, which have similar ranges in silicon of 6.1 and 6.4 μm respectively. Samples were irradiated with proton fluence typically 20 times greater than helium fluences, to give similar vacancy concentration profiles. The fluences used are significantly higher than those in previous studies of high resistivity FZ wafers since our wafer doping is correspondingly higher. Furthermore, the stated ion fluences are based on line irradiations with a beam focused to about 0.5 μm. This is less than the beam spreading at the end-of-range where defects and implanted ions are distributed over a lateral width up to ∼3 μm, resulting defect density is lower for than the same fluence used to irradiated larger areas. 27 In Figure 4 the effect of proton and helium ion irradiation are compared without, and with annealing. Without annealing the irradiated regions close to the surface similarly exhibit low porosity, caused by acceptor-like vacancy formation resulting in n − doping. The porosity decreases with increasing fluence as this region becomes less n-doped. Around the end-of-range depth for both ions there is a highly porous region caused by n + doping, which becomes more pronounced with fluence. This region extends over a significantly greater depth with protons compared to helium, in keeping with the observation that protons produce stronger room temperature n + doping at the end-of-range than does helium. [16] [17] [18] After annealing the behavior observed for each ion differs markedly. At proton irradiated regions the highly-porous end-of-range region has disappeared, indicating that excess donors formed here at room temperature have evolved into other species. Above this region, where n − doping was observed at room temperature, the porous silicon is generally smoother than the surrounding unirradiated background; note the vertically-running etched features in the porous background, indicating macroporous silicon formation, are less common at the smooth irradiated regions, indicating a n-doping level slightly above background. This effect becomes more pronounced with fluence; for the lowest fluence a small amount of cross-hatching is still observed at the irradiated region. For the highest fluence the surface at the irradiated region is partially removed, indicating a higher n + doping level. The lateral extent of this smooth porous area extends beyond that of the proton irradiated region, indicating that the slightly increased n + doping is not confined only to the proton irradiated region but has spread toward the surface and laterally. This effect is most evident for the highest fluence of proton irradiation in Fig. 4d where identical, horizontal arrows are shown extending over the width of the smooth porous region after annealing, clearly wider than the highly porous region without annealing.
For the lower helium fluences in Figs. 4b,4c after annealing the highly-porous end-of-range region has disappeared, as for proton irradiation, indicating that excess donors formed at room temperature have evolved into other species. Above this the porosity at irradiated regions remains slightly lower than the unirradiated background, indicating a n-doping level slightly below background. However this region is confined just to the irradiated area with no evidence of spread- ing out as for proton irradiation. Unlike for proton irradiation, for the highest helium fluence in Fig. 4c , the whole irradiated region is highly porous and has been completely removed after oxidation. This strong n + doping localized to the irradiated region is clear, with the lateral beam spreading toward the end-of-range observed as a consequence of this.
We attribute the n + doping observed throughout the irradiated depth to the formation of radiation enhanced thermal donors which were observed at temperatures above 375
• C in oxygen-enriched FZ silicon. [16] [17] [18] We observe a pronounced n + doping level even at 300
• C owing to the high oxygen concentration in CZ wafers. Based on previous results in oxygen-enriched FZ silicon 16-18 a higher n + doping level is expected at 300
• C for proton irradiation than for helium, whereas Fig. 4 shows that helium irradiation produces a significantly stronger and more localized n-doping. In-diffusion of hydrogen upon annealing should be the same in both cases and so the only difference between the two ions used for irradiation is the implanted hydrogen at the end-of-range. We attribute the behavior observed in Fig. 4 to hydrogen diffusion upon annealing, forming donors over a wide lateral extent, with a corresponding decrease in their density within the irradiated area.
Helium Irradiation of p-type CZ Silicon
In p-type silicon the vacancies produced by ion irradiation or hydrogen doping have a donor-like character, [28] [29] [30] producing p − doping.
From Fig. 1b one sees that a reduced p-doping should increase the porosity, but when the p-doping decreases even further then macroporous or low porosity or even crystalline silicon can remain after anodization. Figure 5 shows the effects of irradiating 0.4 .cm CZ p-type silicon with a focused beam 2 MeV helium ions, without and with annealing. No oxidation step was used in this case so all PSi remains in place. A uniform effect of irradiation is observed along the full ion trajectory, rendering the whole irradiated depth p − , unlike in n-type silicon where different doping effects are observed close to the surface and at the end-of-range. For lower fluence irradiations the peak of the vacancy distribution produced at the end-of-range is resolved as only here is the p-doping sufficiently decreased so that very low porosity silicon remains after anodization. For higher fluences the p-doping along the full irradiated depth becomes sufficiently depleted so that the full ion trajectory is observed, together with the beam spreading laterally toward the end-of-range. After annealing for low fluence irradiations there is no remaining low porosity silicon, indicating that the vacancy profile has disappeared. At the highest fluence, the annealing temperature/time is insufficient to fully repair the vacancy profile and the highest defect density at the end of range remains.
Discussion and Conclusions
We have developed a micromachining process in p-type silicon based on the behavior observed in Fig. 5 . 31 Selective, patterned irradiation with carefully-controlled ion fluences and energies is utilized for machining of silicon surfaces using the high defect density produced at the end of range for a range of devices and applications such as buried channel formation for microfluidics. 24, 25 This process is based on p-type silicon 32, 33 as the etching cell is easier to implement, requiring no light illumination unlike n-type silicon. Also, p-type silicon acts as a "negative resist", to make an analogy with polymer lithography, i.e. the irradiated portions remain after subsequent processing. It is noteworthy that in Fig. 4d helium irradiation at high fluences, is able to induce the opposite lithography effect and act as a "positive resist", i.e. the irradiated portions are removed after suitable processing. This can be extended to produce a means to micromachine deep, high aspect ratio channels and holes and in n-type silicon, which is currently only possible using a step-and-repeat form of deep reactive ion etching.
There are well-developed spectroscopic methods to characterize the types and energy levels of radiation induced defects in semiconductors, such as capacitance-voltage (C-V) measurements, deep level transient spectroscopy (DLTS) 34 and spreading resistance measurements. 35 DLTS is typically used to characterize the defect energy levels throughout an irradiated volume, with no depth resolution of the defect distribution, whereas C-V and spreading resistance measurements can provide depth-resolved information on the doping/resistivity profile. Microscopy techniques such as electron beam induced current (EBIC) 36 and ion beam induced charge (IBIC) microscopy 37, 38 can image radiation-damaged areas in plan view and in cross-section by recording the reduced collected charge.
With suitable understanding of the effects of silicon anodization and oxidation then the method presented here provides cross-section microscopy images which can be interpreted in terms of localized changes in the doping profile induced by ion irradiation. Our method allows imaging of n + and n − doped regions, providing information both in depth and also laterally, and so may be likened to a microscopy version of spreading resistance measurements.
